
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
8:

56
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Efficient constru
aKey Laboratory of Polyoxometalate and Re

Education, Faculty of Chemistry, Northeast

China. E-mail: wangsl030@nenu.edu.cn;

edu.cn
bDepartment of Applied Physics, The Hong

999077, Hong Kong SAR, China
cSchool of Materials Science and Engineerin

110159, China

† Electronic supplementary informa
https://doi.org/10.1039/d4sc05329j

‡ Lulu Yang and Zhen Zhan contributed

Cite this: Chem. Sci., 2025, 16, 775

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th August 2024
Accepted 26th November 2024

DOI: 10.1039/d4sc05329j

rsc.li/chemical-science

© 2025 The Author(s). Published by
ction of high-quality sulfonated
porous aromatic frameworks by optimizing the
swelling state of porous structures†

Lulu Yang,‡a Zhen Zhan,‡b Lin Zhao,a Chengxin Zhang,ac Shaolei Wang,*a Wei Hu*a

and Guangshan Zhu *a

Conventional post-modification methods usually face the fundamental challenge of balancing the high

content of functional groups and large surface area for porous organic polymers (POPs). The reason,

presumably, stems from ineffective and insufficient swelling of the porous structure of POP materials,

which is detrimental to mass transfer and modification of functional groups, especially with large-sized

ones. It is important to note that significant differences exist in the porous structures of POP materials in

a solvent-free state after thermal activation and solvent swelling state. Herein, we propose that the

improvement of the swelling state of the porous structure of POP materials is more conducive to

obtaining high-quality sulfonated POP materials, and employ a one-pot modification strategy for

preparing sulfonated porous aromatic frameworks (PAFs) to prove the proposal. These results show that

the specific surface area of the resulting polymer is 580 m2 g−1 with a sulfur content of up to 13.2 wt%,

which is superior to most sulfonated porous materials and the control sample. More importantly, we

have also shown that the same conclusion is reached by performing similar treatments on hyper-

crosslinked polymers (HCPs) and conjugated microporous polymers (CMPs), proving that our hypothesis

is effective and feasible when compared to the conventional post-sulfonation method. The excellent

hydrophilicity, rich content of sulfonic acid groups, high specific surface area and hierarchical pore

structure make the resulting polymer an ideal adsorbent for micro-pollutants in water. The maximum

adsorption capacities for Rhodamine B (RhB), Methylene Blue (MB), Tetracycline (TC) and Ciprofloxacin

(CIP) are 1075 mg g−1, 1020 mg g−1, 826 mg g−1 and 1134 mg g−1, respectively. This study not only

demonstrates the preparation of efficient sulfonated porous adsorbents for the efficient removal of

cationic dyes and antibiotics but also illustrates an effective method for constructing high-quality

functional POP materials by optimizing the swelling state of the porous structure.
Introduction

Porous organic polymers (POPs) are highly attractive materials
due to their high specic surface area, designable structure,
diverse synthesis strategies and stable physical and chemical
properties.1 These features make POP materials particularly
benecial for the introduction of functional groups, the expo-
sure of more catalytic sites and the mass transfer of guest
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molecules. Consequently, these properties of POP materials
contribute to their broad application prospects in the elds of
separation and adsorption, catalysis, sensing, energy storage,
energy conversion, etc.2,3 Among the functional POP materials,
the modication with highly polar and large-sized sulfonic acid
groups (ca. 0.45 nm) drastically alters surface properties, such
as hydrophilicity and hydrophobicity, while also affecting the
electronic and porous distributions within the frameworks of
sulfonated POP materials.4,5 To date, sulfonated POP materials
have been widely used in various elds including pollutant
adsorption,6 heavy metal ion capture,7 heterogeneous catalysis,8

proton conduction,9 photocatalysis,10 battery materials,11 water
vapor and ammonia adsorption,12,13 as well as microltration
and nanoltration membranes.14,15

Under ideal conditions, a high content of sulfonic acid
groups combined with a huge surface area enhances the
performance of sulfonated POP materials. However, the
sulfonated POP materials oen display a specic pattern where
they tend to exhibit either a high specic surface area with a low
Chem. Sci., 2025, 16, 775–783 | 775
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content of sulfonic acid groups or a low specic surface area
with a high content of sulfonic acid groups. This phenomenon
is reminiscent of the trade-off law of separationmembranes.16–18

For example, Senker et al. reported the synthesis and post-
synthetic sulfonation of a porous aromatic framework with
varying degrees of sulfonation, resulting in a signicant
decrease in specic surface area from 1692 to 124 m2 g−1 with
an increasing degree of sulfonation.19 Moreover, sulfonated
POP materials obtained from in situ construction also present
challenges. For instance, a sulfonated anionic covalent organic
framework (TpPa-SO3H) with a surface area of 56 m2 g−1 is
successfully synthesized via a Schiff-base condensation reaction
comprising 1,3,5-triformylphloroglucinol (Tp) and 2,5-dia-
minobenzenesulfonic acid (Pa-SO3H).14 This highlights the
inherent challenge in balancing porous structural properties
with the incorporation of sulfonic acid groups to further
improve the overall performance of sulfonated POP materials.

Unlike other functional groups, the bulky and polar nature
of sulfonic acid groups can only be graed onto the pore
surface, inevitably leading to pore narrowing, clogging, and
adversely affecting the mass transfer and the modication of
sulfonation reagents for sulfonated POP materials.14,20,21 This
limitation explains why sulfonated POP materials obtained
from in situ construction or post-sulfonation show a trade-off
phenomenon. Therefore, the pore structure becomes a key issue
in achieving high-quality sulfonated POP materials, necessi-
tating that POP materials as precursors should possess larger
pore structures. Different from covalent organic frameworks,
the formation of porous structures is not only affected by the
choice and conguration of monomers, but also more inu-
enced by the ineffective accumulation of polymer networks aer
solvent removal for amorphous POP materials.3,22,23 What's
worse, porous structures aer solvent removal oen cannot be
effectively and thoroughly swelled during post-modication
progress for amorphous POP materials as precursors, which is
usually overlooked in most post-modication methods. This
detail is detrimental to the mass transfer and modication of
reagents, especially those with larger functional groups, thus
affecting the synthesis of high-quality functional POPmaterials.
Notably, signicant differences in the pore structure, specic
surface area, and pore volume have been observed between the
solvent-free state aer thermal activation and the solvent-
swelling state of porous structures, conrming that supercrit-
ical CO2 processing can be employed for the activation of POP
materials.24,25

To address this issue, we propose that the improvement of
the swelling state of the porous structure of POP materials is
more conducive to obtaining high-quality sulfonated POP
materials, and employ a one-pot strategy for preparing
sulfonated porous aromatic frameworks (PAFs) to validate this
proposal. The advantage of the one-pot strategy is that the
porous structure remains in a fully swelling state before sulfo-
nation. The results indicate that the specic surface area of the
resulting polymer reaches 580 m2 g−1 with a sulfur content of
up to 13.2 wt%, suggesting that each phenyl ring in the
framework contains 0.89 molar multiples of sulfonic acid
groups. The control sample prepared via the conventional post-
776 | Chem. Sci., 2025, 16, 775–783
sulfonation strategy exhibited a surface area of 342 m2 g−1 and
a sulfur content of 10.1 wt%. More importantly, similar treat-
ments were applied to hyper-crosslinked polymers (HCPs) and
conjugated microporous polymers (CMPs), which conrmed
the effectiveness and feasibility of the proposed method
compared to the conventional post-sulfonation method. More-
over, the removal rates for Rhodamine B (RhB), Methylene blue
(MB), Tetracycline (TC), and Ciprooxacin (CIP) exceeded 94%
within 5 s, achieving k2 values of 26.80, 25.39, 9.18, and 22.59 g
mg−1 min−1 at 25 ppm, respectively. The maximum adsorption
capacities for RhB, MB, TC and CIP are 1075 mg g−1, 1020 mg
g−1, 826 mg g−1 and 1134 mg g−1, respectively, outperforming
the performance of most reported adsorbents. This work not
only prepares low-cost and efficient sulfonated porous adsor-
bents for the removal of cationic dyes and antibiotics, but also
offers a simple and effective solution to the limitations of
conventional post-modication methods. In particular, it
enables the construction of high-quality functional POP mate-
rials through optimization of the swelling state of the porous
structure.
Experimental section
Synthesis of PAF-215

Firstly, the dissolution system consisting of 0.1 g anhydrous
FeCl3 and 10 mL 1,2-dichloroethane (DCE) was stirred vigor-
ously for 10 min and allowed to stand for 2 h, and then 2 mL of
the supernatant was collected and mixed with 6 mL DCE to
obtain FeCl3 diluents. Secondly, 0.5 mL divinylbenzene (DVB), 6
mL DCE, and 0.5 mL FeCl3 diluents were sequentially added
into a 25 mL round-bottom ask and stirred for 12 h, and then
an additional 6 mL DCE and 0.3 g FeCl3 were added into the
reaction system and continuously stirred for another 12 h to
obtain a porous precursor. Subsequently, 6 mL ClSO3H was
added into the reaction system in an ice water bath, followed by
stirring at room temperature for 1 day to complete sulfonation.
Finally, the post-sulfonation reaction was quenched with ice
water, and the resulting polymer was washed with distilled
water until neutral. The resulting polymer was further extracted
with methanol using Soxhlet extraction for 2 days and dried
under vacuum at 60 °C, yielding the nal product, named PAF-
215.
Synthesis of the porous precursor and the control sample

Firstly, 0.5 mL DVB, 6 mL DCE, and 0.5 mL FeCl3 diluents were
sequentially added into a 25 mL round-bottom ask and stirred
for 12 h. An additional 6 mL DCE and 0.3 g FeCl3 were intro-
duced into the reaction system and continuously stirred for
another 12 h. The resulting precipitate was washed three times
with methanol, followed by 24 h of Soxhlet extraction with
methanol. The resulting product was then dried under vacuum
at 60 °C for 24 h to yield a porous precursor. Subsequently, 0.2 g
porous precursor and 12 mL DCE were added to a 25 mL round-
bottom ask to thoroughly swell the polymer framework for 2
days. 6 mL ClSO3H was added to the system in an ice water bath,
followed by stirring at room temperature for 1 day to ensure
© 2025 The Author(s). Published by the Royal Society of Chemistry
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complete sulfonation. Finally, the post-sulfonation reaction was
quenched in ice water, and the control sample was washed with
distilled water until neutral. The control sample was subse-
quently extracted with methanol using a Soxhlet extractor for 2
days and dried under vacuum at 60 °C.

Results and discussion

To demonstrate the feasibility of this hypothesis, the resulting
polymer was synthesized via a one-pot method that involved
three reactive processes of pre-crosslinking, deep crosslinking,
and subsequent sulfonation. DVB was employed as a self-
crosslinking monomer, while anhydrous FeCl3 and ClSO3H
served as the polymerization catalyst and sulfonating reagent,
respectively (Fig. 1a). Moreover, the control sample was
prepared through the conventional post-sulfonation method,
where the porous structure of POP materials typically under-
went two processes of thermal activation under vacuum and re-
swelling. The porous precursor of the resulting polymer and
control sample is identical, but the porous precursor exhibits
signicant volumetric changes before and aer thermal acti-
vation due to the collapse and accumulation of the porous
structure aer solvent removal (Fig. 2a). This phenomenon
highlights the substantial differences in the pore structure,
specic surface area, and pore volume between solvent-free and
solvent-swelling states of the porous structure.24,25 Meanwhile,
the re-swelling of the porous structure aer thermal activation
is oen incomplete and inadequate during the post-modica-
tion process. These details would reduce the accessibility of
reagents to the interior of pores, resulting in less efficient
modication and notable differences in the overall perfor-
mance of the resulting polymer and control sample.
Fig. 1 (a) Synthetic procedure of the porous aromatic framework with a
yellow represent hydrogen, carbon, sulfur and oxygen elements, respect
(c) Pore size distributions calculated by using density functional theory
Comparison of sulfur content with BET surface area for the resulting po

© 2025 The Author(s). Published by the Royal Society of Chemistry
The chemical structure of the resulting polymer was char-
acterized by Fourier transform infrared (FT-IR) spectroscopy,
solid-state 13C CP/MAS nuclear magnetic resonance (NMR)
spectroscopy and X-ray photoelectron spectroscopy (XPS). The
peaks observed near 1620 cm−1 and 1452 cm−1 indicate the
presence of C]C vibration peaks of aromatic carbon,33 while
the broad peaks at 2800–3000 cm−1 correspond to saturated C–
H vibration peaks of alkyl groups. The appearance of these
peaks implies the successful linkage of vinyl groups of mono-
mers, forming polymer networks (Fig. S7†). Meanwhile, two new
peaks near 1168 cm−1 and 1035 cm−1 are ascribed to the O]S]
O asymmetric and symmetric stretching vibrations respec-
tively,34 while other peaks at around 897 cm−1 and 615 cm−1 are
attributed to S–OH bonds and C–S bonds, respectively
(Fig. S7†).35 As shown in Fig. 2b, the resonance peaks near 136
ppm and 149 ppm are ascribed to aromatic carbon substituted
by alkyl groups and aromatic carbon substituted by sulfonic
acid groups, respectively. The resonance peak around 130 ppm
is linked to unsubstituted aromatic carbon. The carbon signal
of ethylene linkers appears near 41 ppm stemming from the
self-crosslinking of vinyl groups.36 In addition, the C 1s, O 1s, S
2s and S 2p peaks appear near 282.4 eV, 531.7 eV, 231.4 eV and
168.2 eV, respectively (Fig. S8†). The high-resolution XPS spec-
trum reveals two peaks at 168.1 eV and 169.3 eV, corresponding
to the O]S]O bonds of S 2p1/2 and S 2p3/2, respectively
(Fig. S9†).35 These ndings from FT-IR, XPS, and solid-state 13C
NMR analysis sufficiently conrm the effectiveness of the one-
pot strategy for constructing polymer networks from DVB and
introducing sulfonic acid groups into the porous framework.18

The morphology of the resulting polymer was investigated
using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM images conrm that the
high sulfonation degree by a one-pot method (grey, purple, red, and
ively). (b) N2 adsorption and desorption isotherms of samples at 77.3 K.
(DFT) methods (slit pore models and differential pore volumes). (d)

lymer with other sulfonated POP materials.7,10,16–19,26–32

Chem. Sci., 2025, 16, 775–783 | 777
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Fig. 2 (a) Optical photos of volume change for porous precursor before (right) and after (left) thermal treatment. (b) Solid-state 13C CP-MASNMR
spectrum of the resulting polymer. (c–f) High-angle annular dark field (HAADF) mapping images of the resulting polymer.
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resulting polymer has an irregular and amorphous morphology
with a rough surface which has been conrmed by TEM images
(Fig. S10†). Besides, TEM images show that the resulting poly-
mer possesses an amorphous structure with disordered pores.
Elemental distribution mapping demonstrates that three
constituent elements are uniformly distributed throughout the
structure (Fig. 2c–f and S11†). The hydrophilicity of the result-
ing polymer was assessed through water vapor adsorption and
water contact angle measurements. Notably, the resulting
polymer shows strong hydrophilic properties, and water drop-
lets can completely inltrate and cause signicant volume
expansion within 0.56 s (Fig. S12†). Moreover, the water vapor
adsorption capacity reaches 190 cm3 g−1 at low pressure (P/P0 =
0.3), with a maximum value of 864 cm3 g−1 at P/P0 = 1 (Fig. 3a).
These results indicate that the introduction of sulfonic acid
group endows the excellent wettability and hygroscopicity to the
resulting polymer, making it suitable for use as an atmospheric
water harvester in arid areas. Additionally, the resulting poly-
mer shows excellent thermostability in air and nitrogen atmo-
sphere (Fig. S13 and S14†), and the rapid decrease of the
residual quantity of the resulting polymer near 400 °C could be
attributed to the higher content of sulfonic acid groups
compared to the control sample and porous precursor.

The permanent porosity of the samples was evaluated using
nitrogen adsorption–desorption isotherms at 77.3 K. As shown
in Fig. 1b, the rapid increase of nitrogen adsorption capacity in
the low-pressure region indicates that the resulting polymer has
778 | Chem. Sci., 2025, 16, 775–783
abundant micropores and a high specic surface area based on
the International Union of Pure and Applied Chemistry (IUPAC)
classication. Meanwhile, the appearance of hysteresis loops
and the increase of nitrogen adsorption capacity in the high-
pressure region suggest that the resulting polymer possesses
certain mesopores and macropores. The pore size distribution
further conrms that the resulting polymer exhibits a hierar-
chical pore structure (Fig. 1c). The specic surface area of the
resulting polymer is found to be 580 m2 g−1, with a predomi-
nant pore distribution at 1.19 nm. In contrast, the nitrogen
adsorption–desorption isotherms of the control sample show
a low nitrogen adsorption capacity in the low-pressure region,
implying a lower surface area and micropore volume (Fig. 1b).
The specic surface area and pore volume of the control sample
are 342 m2 g−1 and 0.29 cm3 g−1, respectively. Thus, the intro-
duction of sulfonic acid groups via the one-pot method does not
cause signicant pore blockage and an intense decrease of
specic surface area compared to the control sample obtained
from the conventional post-sulfonation method (Table 1).

Subsequently, the sulfur content of the samples was exam-
ined using energy-dispersive X-ray spectroscopy (EDS). The
analysis reveals that the sulfur content of the resulting polymer
reaches 13.2 wt%, suggesting that each phenyl ring contains
0.89 molar multiples of sulfonic acid groups in the frameworks
(Table 1). Conversely, the sulfur content of the control sample is
noted to be only 10.1 wt%. The porosity and sulfur content of
the resulting polymer are superior to those of most sulfonated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Water vapor adsorption and desorption isotherms of the resulting polymer at 298 K. The time-dependent adsorption of MB (b), RhB (c),
TC (d) and CIP (e) at different concentrations by the resulting polymer. (f) Optical photos of RhB removal efficiencies at different times by the
resulting polymer (180 ppm).
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POP materials obtained through the conventional post-sulfo-
nation strategy such as SCOF-1,17 PCS-DDSQ-SO3H-2,18 and PCF-
1-SO3H-1 (ref. 28) (Fig. 1d). The aforementioned study demon-
strates that the proposed post-sulfonation strategy offers
signicant advantages over the conventional sulfonation
approach. This is attributed to the different treatment strategies
of two post-sulfonation methods applied to porous precursors
before sulfonation. Following the conventional post-sulfona-
tion method, the porous structure of precursors usually
undergoes two treatment processes of thermal activation and
re-swelling, and the re-swelling of the porous structure is oen
incomplete and inadequate before sulfonation. In contrast, the
Table 1 Porosity and sulfur content of the samples

Samples SBET
a (m2 g−1)

Porous precursor 1017
Control sample 342
PAF-215 580
KAP-1 1211
SKAP-1c 739
SKAP-1d 234
CMP-1 1077
SCMP-1e 164
SCMP-1f 53

a Surface area calculated from nitrogen adsorption isotherms at 77.3 K usi
at 77.3 K and P/P0 = 0.995. c SKAP-1 obtained by the one-pot method. d S
obtained by an improved post-sulfonation strategy. f SCMP-1 obtained by

© 2025 The Author(s). Published by the Royal Society of Chemistry
porous structure of precursors always remains in the solvent
swelling state in the proposed post-sulfonation strategy. This is
benecial for the effective diffusion and modication of sulfo-
nation reagents throughout the porous structure without
causing pore blockage, resulting in a complete and thorough
sulfonation reaction. Therefore, the resulting polymer achieves
a much higher degree of sulfonation and an increased specic
surface area by holding the swelling state of the porous
structure.

More importantly, HCPs and CMPs, two typical classes of
amorphous POP materials, were further used to validate the
universality of our hypothesis. The BET surface area, pore
Pore volumeb (cm3 g−1) Sulfur content (wt%)

0.79 0
0.29 10.1
0.51 13.2
1.53 0
0.92 8.5
0.29 7.4
0.59 0
0.23 9.3
0.06 7.5

ng the BET equation. b Pore volume calculated from nitrogen isotherms
KAP-1 obtained by the conventional post-sulfonation method. e SCMP-1
the conventional post-sulfonation method.

Chem. Sci., 2025, 16, 775–783 | 779
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volume and sulfur content of sulfonated KAP-1 obtained by the
one-pot method are 739 m2 g−1, 0.92 cm3 g−1 and 8.5 wt%,
respectively. However, the BET surface area, pore volume and
sulfur content of sulfonated KAP-1 obtained by the conventional
post-sulfonation method are 234 m2 g−1, 0.29 cm3 g−1 and 7.4
wt%, respectively (Fig. S15† and Table 1). Moreover, similar
trends are observed for sulfonated CMPmaterials. Compared to
CMP-1, the BET surface area and pore volume of two sulfonated
CMP-1 samples decrease to varying extents, of which sulfonated
CMP-1 prepared by the conventional post-sulfonation method
exhibits more pronounced changes (Fig. S16† and Table 1).
These results not only serve as additional evidence to conrm
that the porous structure of precursors with sufficient swelling
is more benecial for post-sulfonation, but also, more impor-
tantly, highlight the excellent universality of our hypothesis for
amorphous POP materials including HCPs, PAFs, CMPs etc.
Drawing from previous studies, the present ndings identify an
effective method to prepare high-quality sulfonated POP mate-
rials by optimizing the swelling state of the porous structure,
which is anticipated to be equally effective for other types of
post-modication strategies for amorphous POP materials.

The as-prepared polymer exhibits excellent hydrophilicity,
rich sulfonic acid groups, high specic surface area and a hier-
archical pore structure, making it an ideal adsorbent for micro-
pollutants found in natural water. The adsorption performance
for micro-pollutants was assessed using two dyes (MB and RhB)
and two antibiotics (CIP and TC) as model pollutants, long-term
accumulation of which would pose severe risks to the environ-
ment and human health. The changes of UV-visible spectra at
different time intervals are illustrated in Fig. S17.† Inspired by
Fig. 4 Relationship between equilibrium adsorption capacities and equi
RhB (a), MB (b), TC (c) and CIP (d); (e and f) comparison of maximum adso
with BET surface area for the resulting polymer with other POP materia

780 | Chem. Sci., 2025, 16, 775–783
these signicant advantages, the resulting polymer shows rapid
adsorption of micro-pollutant models at extremely low
concentrations (Fig. 3b–e and Table S1†). The removal effi-
ciencies for MB and RhB reach 97.31% and 94.57% within 5 s,
and ultimately stabilize at 99.18% and 98.85% within 45 s,
respectively. The removal efficiencies for TC and CIP achieve
96.57% and 97.58% within 5 s, rapidly reaching adsorption
equilibrium within 75 s. Subsequently, the adsorption perfor-
mance of the resulting polymer was further investigated at high
concentrations of two cationic dyes (200 ppm) and two antibi-
otics (180 ppm). The resulting polymer could effectively and
swily remove MB, RhB, TC, and CIP from high-concentration
solutions, achieving adsorption equilibrium within 10 min
(Fig. 3b–f, Video S1 and S2†).

The tting results derived from the adsorption kinetics
curves demonstrate that the pseudo-second-order kinetic model
provides a more precise description of the adsorption
processes, as evidenced by the linearity and R2 values. This
suggests that chemisorption plays a major role in micro-
pollutant adsorption processes (Fig. S19–22, Tables S2 and
S3†).37,38 Notably, the pseudo-second-order rate constants for
RhB, MB, TC, and CIP are 26.80 g min−1, 25.39 g min−1, 9.18 g
min−1 and 22.59 g min−1, respectively, which are much higher
than those of most porous adsorbents, suggesting that the
resulting polymer exhibits a faster adsorption rate (Table S4†).
The adsorption process and the maximum adsorption capacity
(qm) of the resulting polymer were estimated through adsorp-
tion isotherm experiments. The R2 value of the Langmuir
isotherm model is higher than that of the Freundlich isotherm
model (Fig. 4a–d and S23†), signifying that the adsorption
librium concentrations and Langmuir isotherm model fitting curves of
rption capacities of RhB (purple), MB (blue), TC (yellow) and CIP (green)
ls based on Tables S6–S9.†

© 2025 The Author(s). Published by the Royal Society of Chemistry
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process aligns more closely with the Langmuir model, charac-
terized by monolayer and uniform adsorption behavior.39 Based
on the Langmuir adsorption equation, the theoretical
maximum adsorption capacities for RhB, MB, TC, and CIP are
calculated to be 1075 mg g−1, 1020 mg g−1, 826 mg g−1, and
1134 mg g−1, respectively (Table S5†). It bears mentioning that
these capacities surpass those of most porous micro-pollutant
adsorbents such as TP-POPs-SO3H,34 CaPy,40 COF-Z2,41 and
Tb@TpPa-SO3H42 (Fig. 4e and f).

Given the crucial role of environmental factors, it is essential
to consider the effects of pH and temperature on adsorption
performance. The adsorption capacities for RhB, MB, TC, and
CIP show minimal variation across a broad pH range (pH = 2–
7), with optimal adsorption performance observed at a pH of 5
(Fig. S24†). The rationale lies in the fact that most sulfonic acid
groups exist in their deprotonated form (–SO3

−), which facili-
tates electrostatic interactions between negatively charged
binding sites and ionized micro-pollutants.43,44 The adsorption
capacities for RhB, MB, and TC increase with increasing
temperature, whereas the CIP shows the opposite trend. This
difference may stem from the different adsorption heats
between the adsorbent and micro-pollutants during the process
(Fig. S25†). Meanwhile, the resulting polymer shows high cycle
stability and maintains superior adsorption performance for
micro-pollutant models even aer ve cycles (>98%) (Fig. S26†).
Moreover, no signicant changes of chemical or morphological
structure are found aer repeated use for the resulting polymer
(Fig. S27 and S28†). Collectively, these ndings prove that the
resulting polymer not only achieves an extremely high removal
rate of micro-pollutants, but also possesses high adsorption
capacity and strong interaction with these micro-pollutants.

Conclusion

To sum up, the similar results of the sulfonated PAFs, HCPs,
and CMPs obtained by the two post-sulfonation methods vali-
date our hypothesis that the optimization of the swelling state
of the porous structure is more effective and feasible than the
conventional post-sulfonation method. The porous structure of
POP materials remains sufficiently in the swelling state, facili-
tating the diffusion and modication of sulfonation reagents to
all parts of the porous structure without causing pore blockage.
This enhances the completeness of the sulfonation reaction,
making it easier to prepare high-quality sulfonated POP mate-
rials. Additionally, the resulting polymer shows excellent
hydrophilicity, high content of sulfonic acid groups, large
specic surface area and hierarchical pore structure, which
provide abundant adsorption sites and promote efficient mass
transfer, thereby resulting in excellent adsorption performance.
Notably, the removal rates for RhB, MB, TC, and CIP exceed 94%
within 5 s, with k2 values of 26.80 g min−1, 25.39 g min−1, 9.18 g
min−1, and 22.59 g min−1, respectively. The maximum
adsorption capacities for RhB, MB, TC, and CIP are noted to be
1075 mg g−1, 1020 mg g−1, 826 mg g−1, and 1134 mg g−1,
respectively, outperforming those of most reported porous
adsorbents. Hence, this study introduces a straightforward and
viable approach to prepare sulfonated POP materials with
© 2025 The Author(s). Published by the Royal Society of Chemistry
a high degree of sulfonation and large surface area. It also
identies a universal, effective and feasible method for con-
structing high-quality functional POP materials by optimizing
the swelling state of porous structures.
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